Hypospadias, a congenital malformation of the penis characteristic of an abnormal urethral orifice, affects 1 in every 125 boys, and its incidence is rising. Herein we test the hypothesis that the basement membrane protein laminin α5 (LAMA5) plays a key role in the development of the mouse genital tubercle, the embryonic anlage of the external genitalia. Using standard histological analyses and electron microscopy, we characterized the morphology of the external genitalia in Lama5 knockout (LAMA5-KO) mouse embryos during both androgen-independent genital tubercle development and androgen-mediated sexual differentiation. We compared regulatory gene expression between control and LAMA5-KO by in situ hybridization. We also examined the epithelial structure of the mutant genital tubercle using immunofluorescence staining and histological analyses of semithin sections. We found that Lama5 was expressed in both ectodermal and endodermal epithelia of the cloaca. The LAMA5-KO displayed a profound external genital malformation in which the genital tubercle was underdeveloped with a large ectopic orifice at the proximal end. In older embryos, the urethra failed to form a tubular structure and was left completely exposed. These defects were not associated with a significant alteration in regulatory gene expression, but rather with a defective ectodermal epithelium and an abnormal disintegration of the cloacal membrane. We conclude that LAMA5 is required in the basement membrane to maintain normal architecture of the ventral ectoderm during genital tubercle development, which is essential for the formation of a tubular urethra. Perturbation of LAMA5, and possibly other basement membrane components, may cause hypospadias in humans.
Introduction
Given the high incidence of penile malformations in humans, the morphogenesis of the external genitalia has generated broad interest among both developmental biologists and pediatricians. In recent years, much progress has been made using mice as a model system. The development of the mouse external genitalia begins as early as embryonic day 10.5 (e10.5) around the embryonic cloacal membrane, a transient double-layered structure containing a covering epidermal epithelium and an underlying endodermal cloacal epithelium. It has been proposed that the interaction between the epidermal and endodermal epithelia leads to the establishment of a local signaling center and subsequent expression of growth factors (Seifert et al., 2009b) . In turn, the surrounding peri-cloacal mesenchyme responds and forms a tubercle outgrowth termed the genital tubercle (GT) (Perriton et al., 2002) , the common embryonic primordium of the penis in males and of the clitoris in females. Along with GT formation, the cloacal epithelium extends distally and develops into the urethral epithelium that later becomes the epithelial lining of the definitive urethra (Kurzrock et al., 1999) . The genetic mechanisms involved in this early androgen-independent phase of genital development are not yet fully understood. Nonetheless, investigations using knockout mouse models have demonstrated that the canonical Wnt (Lin et al., 2008; Miyagawa et al., 2009) , Fgf (Gredler et al., 2015; Haraguchi et al., 2000; Lin et al., 2013; Petiot et al., 2005; Seifert et al., 2009b) , Bmp (Suzuki et al., 2003) and Shh (Haraguchi et al., 2001; Lin et al., 2009; Miyagawa et al., 2009; Perriton et al., 2002; Seifert et al., 2009a; Seifert et al., 2010) signaling pathways are involved in the initiation and continuous development of the GT. Before e14.5 (Suzuki et al., 2002) GT development is identical in both sexes. Afterwards, the GT in males undergoes continuous growth and remodeling under the influence of androgen (Baskin et al., 2001; Miyagawa et al., 2009) , resulting in a penis with a completely internalized urethra. In contrast, GT development in females is less extensive, and the urethra remains as a cord at the ventral side of the clitoris (Baskin et al., 2001; Yamada et al., 2003) .
Congenital abnormalities of the external genitalia are relatively common in humans. The incidence of hypospadias, an inborn defect characterized by an abnormal urethral orifice, is reported to be as high as 1 in 125 in boys (Gatti et al., 2001) . The etiology for hypospadias is likely multifactorial, involving both genetic and environmental elements (Thorup et al., 2014) . Some hypospadias patients suffer from androgen insufficiency, which can be considered the main contributing factor. In others, the cause is not clear and may involve the early androgen-independent developmental period.
Basement membranes are specialized extracellular matrices that underlie all epithelial and endothelial cells, surround all muscle fibers and fat cells, and are prominent in peripheral nerves. Basement membranes have been shown to play critical roles in a multitude of developmental and physiological processes and are required for cell organization, adhesion, and migration. Although basement membranes contain a large number of diverse extracellular matrix proteins, there are four protein classes that are considered to be the major constituents: laminins, type IV collagens, nidogens, and heparan sulfate proteoglycans (Timpl and Brown, 1996) .
Of these four, laminin has been the most studied (Miner and Yurchenco, 2004) . Laminins are large heterotrimeric macromolecules consisting of one α, one β, and one γ chain. In humans there are five α chains, four β chains (one of which is absent in mouse), and three γ chains, each encoded by a different gene. Pathogenic mutations in seven of the twelve human laminin genes have been reported; the breadth of phenotypes resulting from these mutations include muscular dystrophy, cardiomyopathy, peripheral neuropathy, brain malformation, kidney disease, and lethal skin blistering. Most of these phenotypes can be explained by the presence of the mutated laminin in a basement membrane relevant to the phenotype.
In mice, and also in humans where examined, laminin α5 is widely expressed by many types of epithelia during development and in adults (Spenle et al., 2013) . Mutations in human LAMA5, the gene encoding laminin α5, have not been reported, but Lama5 knockout (LAMA5-KO) mice (Miner et al., 1998) have multiple developmental defects that cause lethality at or shortly before birth. This suggests that human mutations may exist but are likely lethal when homozygous. As deep sequencing methodologies are being used to investigate the basis for familial anomalies, it is likely that potentially pathogenic variants in LAMA5 will be found.
The function of LAMA5 in external genital development has not been investigated. Here we describe a developmental anomaly in the external genitalia of embryos that is analogous to human hypospadias. We also document the presence of laminin α5 in the epithelial basement membrane of the developing mouse genital tubercle, implicating this basement membrane in development of the penis and urethra.
Results

Presence of laminin α5 in the basement membrane of the developing cloaca
To examine the expression of laminin α5 protein in the developing GT, we first performed double immunofluorescence staining using an E-Cadherin (a pan-epithelial marker) antibody and a laminin α5 antibody on a coronal section covering the cloacal area of an e10.5 wildtype (WT) embryo. As shown by E-Cadherin staining in Fig. 1A and C, there are two distinct epithelia in the developing cloaca: an overlying ventral ectoderm and a centrally positioned cloacal epithelium that is endodermal in origin. Laminin α5 was detected in the basement membrane of both ectodermal and cloacal epithelial cells (Fig. 1B and C) , with the notable exception of those ectodermal cells that are in direct contact with the cloacal epithelium ( Fig. 1B and C) .
In addition, we examined the expression of other laminin subunits in the developing cloaca by immunofluorescence staining. We observed deposition of laminin α1, β1, β2, and γ1 in a pattern similar to laminin α5 (Supplemental Fig. 1A-D) . These data indicate that multiple laminin isoforms are present in the basement membrane of both the cloacal epithelium and the ventral ectoderm, and that there is no intervening basement membrane between the ectodermal and endodermal epithelia in the cloacal membrane. The latter conclusion was confirmed by transmission electron microscopy (Supplemental Fig. 2 ).
Laminin α5 knock-out embryos developed severe external genital defects
To understand the function of laminin α5 in external genital development, we thoroughly analyzed the morphology of the external genitalia in the LAMA5-KO embryos throughout their development by scanning electron microscopy (SEM). Around e12, the mutant GTs ( Fig. 2B) were grossly identical to their wild-type counterparts ( Fig. 2A) . Around e13, the mutant GT started to display two distinct features. First, the overall size of the mutant GT ( Fig. 2D ) appeared to be smaller than the control GT (Fig. 2C ). In addition, there was a large opening at the proximal end of the mutant GT (Fig. 2D ). This phenotype remained apparent throughout the androgen-independent phase of GT development in both sexes. The e15.5 mutant GT ( Fig. 2F ) also appeared to be smaller than the age-matched control GT (Fig. 2E) , and the mutant demonstrated a markedly enlarged proximal opening (Fig. 2F) .
The male GT enters androgen-mediated sexual differentiation around e15.5, resulting in the formation of a penis and a completely canalized urethra that opens at the distal tip of the penis around e17.5 Fig. 1 . Cloacal expression of laminin α5 in e10.5 embryos. (A-C) Double immunofluorescence staining using E-Cadherin and LAMA5 antibodies. A) E-Cadherin was detected in both ectodermal and endodermal epithelia. Note that the two types of epithelia made direct contact in the cloacal membrane (boxed region). B) LAMA5 was detected in the basement membrane of both ectodermal (arrows) and endodermal (arrowheads) epithelia. However, it was not present between the two epithelia in the cloacal membrane (boxed region). C) Merged image. cm, cloacal membrane; ecto, ectodermal epithelium; endo, endodermal cloacal epithelium. Bars in all panels represent 50 μm.
(arrowhead in Fig. 2G ). In the male mutant embryo, however, the ventral prepuce failed to form, and the distal urethral meatus could not be observed (Fig. 2H) . H&E staining of a transverse section of an e17.5 male mutant GT demonstrated that the tubular urethra failed to form, which left the entire urethral epithelium exposed (Fig. 3C ) as compared to the control (Fig. 3A) . For all experiments, only males were used. Note the presence of the large proximal opening in e13.5 (arrow in D) and e15.5 (arrow in F) mutant GTs, and the presence of a small proximal orifice in e15.5 control GT (arrowhead in E). Also note the presence of a distal urethral orifice in the e17.5 control male GT (arrowhead in G), and a completely exposed urethral epithelium (arrows in H) in the mutant male GT. Bars in A through D represent 400 μm, in E and F represent 600 μm, and in G and H represent 800 μm.
Interestingly, the clitoris in mutant females was equally affected. In the control, a tubular urethra was evident at the ventral side of the clitoris, despite the lack of true separation from the skin (Fig. 3B) . On the other hand, the urethra did not form in the mutant clitoris, and the urethral epithelium was entirely exposed (Fig. 3D) . It is also noteworthy that despite the similar presentation of the urethral phenotype, the mutant clitoris appeared to be smaller than the mutant penis. The presence of this sex difference indicates that the androgen-mediated genital growth process was maintained in the mutants. Therefore, the phenotypes in both sexes are likely the manifestation of the same early defect occurring during the androgen-independent phase of GT development.
Regulatory gene expression was maintained in the mutant GT
To investigate the cause of the GT malformation, we first tested the hypothesis that loss of laminin α5 disrupts regulatory gene expression and signaling crosstalk. We analyzed the expression of relevant regulatory genes in e12.5 control and LAMA5-KO embryos by whole mount in situ hybridization. At this stage, signaling crosstalk in the GT is highly active, as evidenced by the expression of Hh, Fgf, and Bmp family genes. Shh expression was detected in the urethral epithelium in both control and mutant GTs at comparable levels ( Fig. 4A and B) . The expression of its receptor and major target gene, Ptch1, was also observed in the adjacent mesenchyme in both groups ( Fig. 4C and D) . Fgf8, a wellestablished marker of outgrowth, was expressed in the distal urethral epithelium in the control embryos (Fig. 4E) , and its expression was also detected in the mutant (Fig. 4F) . Similarly, the mesenchymal expression of Bmp4 and the epithelial expression of Fgfr2b were maintained in the mutants (Fig. 4G-J) . The expression levels were comparable, and the expression domains were similar, although at this stage the mutant GT was slightly smaller than control. Altogether, there was no clear evidence of perturbed gene regulation in the LAMA5-KO GTs.
The double-layered cloacal membrane was disrupted in the mutant GT
The GT malformation in the LAMA5-KO embryo could result from a structural defect similar to that observed in the ectoderm-specific β-catenin conditional knockout (cKO) (Lin et al., 2008) . Indeed, from the whole mount in situ study above, it was clear that the gross appearance of the mutant urethra, marked by the presence of Shh and Fgfr2 expression, was different from that in the control, although no ectopic opening was visible at this stage (e12.5). Therefore, we performed histological analyses on transverse sections of e12.5 mutant GTs to assess epithelial structure. First, we carried out double immunofluorescence staining on both control and mutant GTs using antibodies against E-Cadherin and KRT14, the latter selectively labeling the ectodermal cells. As expected, the KRT14-positive ectodermal cells could be detected throughout the entire ventral side of the control GT (Fig. 5B) , including the midline cloacal membrane region where they directly covered the urethral epithelium. The mutant GT, however, showed an absence of KRT14 expression in the surface epithelial cells at the ventral midline (arrows in Fig. 5F and G). This phenotype could result either from midline ectoderm losing KRT14 expression, or from a disintegration of the ectoderm leaving the KRT14-negative urethral cells exposed. To distinguish between these possibilities, we performed in situ hybridization using probes for Shh, a well-established marker for urethral epithelial cells. Intriguingly, these KRT14-negative surface epithelial cells demonstrated robust Shh expression (arrows in Fig. 5H ). This observation clearly indicates that the midline ectodermal epithelium is lost (or broken apart), leaving the normally underlying urethral cells that do not express KRT14 at the surface. This striking disintegration of the doublelayered cloacal membrane could be the key event leading to the open-urethra phenotype observed in older embryos.
The disruption of the cloacal membrane could be a result of structural defects at earlier developmental stages. Therefore, we carefully examined the morphology of the cloacal area in e10.5 embryos. Toluidine blue-stained coronal sections of control and mutant embryos demonstrated a clear difference in the thickness and gross appearance of the ectodermal epithelium in control vs. mutant embryos (Fig. 6) . In the control, the ventral ectoderm contained a single cell layer (Fig. 6A) . In contrast, the mutant ectoderm was much thicker, and apparently contained at least two cell layers (Fig. 6B) . In addition, the junctional region between the ectodermal and cloacal epithelia appeared to be less defined and poorly organized. These data indicate that a compromised architecture of the ectodermal epithelium occurs even before GT outgrowth. Hence, it is plausible that the GT abnormality observed in the LAMA5-KO is a result of such structural defects.
Discussion
In this study we demonstrated that laminin α5 is obligatory for the normal development of mouse external genitalia. LAMA5 plays an and LAMA5-KO (E-G) embryos. E-Cadherin was detected in both the ectodermal and urethral epithelia (A and E), whereas KRT14 was expressed in the ventral ectodermal epithelium (B and F) . Note that in the LAMA5-KO, the KRT14-expressing ectodermal surface epithelium at the ventral midline (cloacal membrane) was missing (white arrows in F and G). (D, H) Shh in situ hybridization on e12.5 control (D), and LAMA5-KO (H) embryos. Note that the Shh-expressing urethral cells were covered by Shh-negative ectodermal epithelium in the control (D), while in the KO GT, the outermost layer of the midline epithelium was clearly Shh-positive (arrows in H). Bars in all panels represent 100 μm.
indispensable role in maintaining the normal architecture of the ventral ectoderm, the failure of which results in the disruption of the cloacal membrane and subsequent malformation of the external genitalia in both sexes. These observations suggest that basement membrane defects could potentially contribute to the developmental anomalies of the GT.
The ectodermal epithelium of the cloacal membrane is essential in early GT development
The development of the GT is initiated around the cloacal membrane, a transient structure consisting of two types of epithelia derived from embryonic ectoderm and endoderm, respectively. This structure exists throughout the androgen-independent phase of GT development. The distal urethral epithelium (dUE) (Haraguchi et al., 2000; Suzuki et al., 2003) , derived from the endodermal part of the cloacal membrane, plays a key role in signaling crosstalk (Lin et al., 2013) . High canonical WNT activity (Lin et al., 2008) , along with the transcripts of a variety of growth factors including Fgf8, Bmp7, Fgf9, and Shh, can be detected in the dUE. These factors may work together to activate GT-specific gene expression in the cloacal field and promote genital outgrowth. In contrast, the role of the ectodermal epithelium is less understood. The significance of the ectoderm has been clearly shown in an elegant study from Cohn's group demonstrating that the contact between ectodermal and endodermal epithelia, i.e., the formation of the cloacal membrane, is crucial for GT initiation (Seifert et al., 2009b) . The ectoderm's importance in signaling regulation is also demonstrated by the fact that GT malformations are observed in ectoderm-specific Fgfr2 (Gredler et al., 2015) and Smoothened (Seifert et al., 2009a ) conditional knockout animals. The authors of these papers also noted that the ventral ectoderm, along with the underlying cloacal epithelium, might also play a structural role possibly regulated by HH or FGF signaling. The junction between the ectodermal and endodermal epithelia of the cloacal membrane holds the urethra closed throughout early GT development. In situations where the covering ectoderm is weakened or disintegrates, the urethra would predictably open, which would then result in a proximal hypospadias. If such an event occurs very early, it would also affect the overall size and shape of the GT as a result of misplaced signaling cells. In support of such a structural role for the ventral ectoderm, the exact sequence of events we hypothesized above has been observed in ectoderm-specific β-catenin conditional KO (cKO) embryos. However, whether the phenotype is solely the result of abnormal architecture, or also involves misregulation of signal transduction, remains a matter of debate. When the normal ectodermal architecture is disrupted, gene expression is very likely to be affected at the same time, which makes it extremely difficult to tease apart their respective contributions. All in all, one has to realize that these two aspects are intrinsically coupled.
The loss of LAMA5 disrupts the ventral ectodermal epithelium
We believe the aforementioned ectodermal structural defect is likely applicable to the scenario we observed in the Lama5 mutant, in which we observed an abnormal epithelial architecture and a breakdown of the ectodermal cloacal membrane in the GT. These subtle changes occurred as early as e10.5, which is 2 days ahead of the development of the proximal opening and other obvious changes. Hence, it could potentially be the main causative factor for the GT malformations. In support of this notion, we did not find any notable differences in regulatory gene expression between the control and the Lama5 mutant, despite their marked differences in size and shape.
How perturbation in a basement membrane component affects the ectodermal structure in the cloacal membrane remains to be elucidated. LAMA5 can interact with several integrins and mediate cell adhesion between the epithelium and the underlying basement membrane. It has also been demonstrated that LAMA5 can regulate the attachment, spreading, and migration of epithelial cells. All these processes are very likely to be involved in cloacal development, but their exact contributions are unknown.
It is noteworthy that an earlier report demonstrated that the differentiation of the Lama5 mutant epidermis is largely normal when grafted onto nude mice, although hair fails to develop (Li et al., 2003) . In contrast, the cloacal ectoderm may have some unique characteristics, potentially involving its interaction with the endodermal epithelium, that specifically require the function of LAMA5. In addition, there may be both anatomical and mechanistic similarities to the partially penetrant exencephaly that occurs in Lama5 mutants due to failure of neural tube closure (Miner et al., 1998) . There also, a break in the ectoderm accompanies an open underlying epithelial tube. This was associated with discontinuities in the ectodermal basement membrane near the site of neural tube closure that likely prevents the necessary cell adhesion and migration required to close the tube and fuse the converging ectodermal sheets into a continuous epithelium. Future investigations are warranted to delineate the key process(es) affected by the absence of LAMA5 in the developing GT.
The overall progression of the GT phenotype in LAMA5-KO embryos is very similar to that observed in the ectodermal β-catenin-cKO embryos (Lin et al., 2008) . In both mutant strains, a breakdown of the ectodermal epithelium in the cloacal membrane precedes the formation of a proximal hypospadias, while no obvious abnormalities in gene regulation were noted. However, it is also noteworthy that there is a clear difference between the nature of the ectodermal defects between these two types of mutant embryos. The β-catenin-cKO has a thinner ectodermal epithelium with a loss of KRT14 expression, while the LAMA5-KO has an abnormally thicker ectodermal epithelium. We do not yet have a clear answer about how these seemingly opposite structural changes could affect later morphogenesis in the same fashion. However, we would like to note that they both demonstrate a disorganized junctional region between the ectoderm and the endoderm-derived cloacal epithelium, which could contribute to the rupture of the ectoderm that occurs similarly in both mutants. We did examine the expression of β-catenin and WNT-related genes in the developing LAMA5-KO mutant GT. However, we found the expression of these genes was not altered (data not shown), indicating the phenotype of the LAMA5-KO GT is not relevant to the β-catenin pathway. Nonetheless, these studies suggest that molecules involved in maintaining proper cell adhesion and epithelial structure should also be considered as candidate genes in hypospadias studies.
Conclusions
Our data provide in vivo evidence that laminin α5 is required in the basement membrane to maintain normal architecture of the ventral ectoderm during the development of the external genitalia. This function is essential for the formation of a tubular urethra. Perturbation of LAMA5, and possibly other basement membrane components, may cause hypospadias in humans.
Experimental procedures
Animal maintenance
All animals were maintained according to NIH guidelines and in compliance with an animal protocol approved by Washington University. Lama5 null alleles (Lama5 tm1Jhm and Lama5 tm2.1Jhm ) have been described previously (Kim et al., 2012; Miner et al., 1998) and were maintained on a mixed background consisting primarily of C57BL/6J and CBA/J strains. Lama5 ± mice were indistinguishable from wildtype Lama5+/+ mice, so both were used as controls. For timed matings, the day that a vaginal plug was observed was considered e0.5.
Histological analyses
For immunofluorescence staining of laminin proteins, fresh frozen sections (10 μm) of e10.5 mouse embryos were used. For other antibody staining and hematoxylin and eosin (H&E) staining experiments, 5 μm formalin-fixed and paraffin-embedded (FFPE) sample sections were used. Antigen retrieval for FFPE samples was performed using the Trilogy reagent (Cell Marque, Rocklin, CA). Toluidine blue staining of semithin plastic sections has been described previously (Lin et al., 2008) .
The antibodies used in this study were: mouse monoclonal anti-ECadherin (1:300, BD Biosciences, San Jose, CA), rabbit polyclonal anti-KRT14 (1:1000, Covance, Princeton, NJ, USA), rabbit polyclonal antilaminin α5 serum 8948 (Miner et al., 1997) , rabbit polyclonal antilaminin α1 (Ettner et al., 1998) , rabbit polyclonal anti-laminin β2 (Sasaki et al., 2002) , and rat monoclonal antibodies to laminin β1 and γ1 (MAB1928 and MAB1914, respectively; EMD Millipore, Billerica, MA).
Whole mount in situ hybridization (WIH)
For WIH analyses, whole embryos were fixed overnight in 4% paraformaldehyde in PBS and dehydrated through serial methanol solutions. The hybridization experiment was carried out using an established protocol, and the probes were described previously (Lin et al., 2008) .
Scanning electron microscopy (SEM)
Samples were fixed overnight in 4% paraformaldehyde plus 3% glutaraldehyde in PBS, and then post-fixed with 1% aqueous osmium tetroxide for 4 h. The samples were then processed using the Osmium-Thiocarbohydrazide-Osmium (OTO) method, and then dehydrated in alcohol and critical-point dried in liquid CO 2 . Mounted samples were sputter-coated and examined.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.mod.2016.05.004.
